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FOREWARD 


This  report  was  prepared  by  the  Research  Department, 
Aeronautical  Division,  Mlnneapolls-Koneywell  Regulator  Company, 

In  accordance  with  the  requirements  of  Navy  Contract  No.  Konr- 
929(00),  administered  by  the  Office  r,f  Naval  Research.  The 
contract  was  Initiated  under  the  research  project  Identified 
by  Expenditure  Accounts  46OOO  (Research  Navy)  and  14.6&32  (Aircraft 
and  Facilities  Navy).  This  Is  a contract  for  reseai'ch  Involving 
the  study  of  helicopter  control  systems  from  the  point  of  view 
of  autcmatlc  control  of  attitudes  and  power.  Phase  I of  this 
study(for  which  this  Is  the  final  report)  has  oeen  supported 
by  the  above  contract,  which  commenced  on  15  June  1952  and 
expires  on  31  July  1953»  It  has  been  proposed  that  the  next 
phase  of  research  under  this  program  be  supported  by  the  Navy 
under  a continuation  of  the  Nonr-929 (00)  contract,  beginning 
1 August  1953. 
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ABSTRACT 


Ur.dsr  Phase  I cf  the  Study  of  the  Automatic  Control 
Systems  for  H«1  i copters,  the  foundations  were  developed  for 
the  analytical  determination  of  automatic  control  system  de- 
sign criteria.  These  foundations  consist  primarily  of  the 
theoretical  equations  describing  (1)  the  transient  motion  of 
a hovering,  single-rotor  helicopter  with  rotor  RPM  degree-of- 
freedom,  and  (2)  the  dynamical  characteristics  of  reciprocating 
and  single-spool  turbo-prop  engine  types.  In  addition,  the 
mechanization  of  the  control  system  transfer  function  has  been 
investigated  from  the  view-point  of  Incorporating  in  the  dynamical 
analysis  the  characteristics  of  high-performance  components 
requiring  a minimum  of  additional  development. 

Also  discussed  here  are  several  topics  remaining  under 
investigation  or  otherwise  not  completed  at  the  Phase  I termin- 
ation date  (31  July  1953).  These  Include  the  study  of  forward- 
flight  transient  motion,  the  initial  phases  of  the  complete 
closed-loop  control  study,  and  the  REAC  study  of  rotor  RPM 
control  in  hovering  for  the  case  cf  the  turbo-prop  engine. 
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IKTRODUCTION 


The  gf 'or«l  task  with  which  the  present  research  program 
was  initially  confronted  was  the  determination  of  desirable 
closed-loop  transfer  functions  for  helicopter  automatic  control 
systems.  T'sse  systems  were  to  be  of  the  pilot-relief  variety 
and  were  to  perf.orm  the  functions  commonly  associated  with 
an  autopilot  and  a rotor  (cr  engine)  H?ii  governor.  ?fhile  heli- 
copter autopilots  and  RPM  governors  were  In  existence  prior 
to  the  inception  of  this  study,  it  had  not  been  determined 
whether  the  designs  .if  these  controls  were  optimum  from  the 
standpoint  of  the  net  performance  of  the  helicopter.  In 
particular,  it  appeared  that  previous  developments  had  Ignohed 
the  possible  inter-relationships  between  transients  in  rotor 
RPM  and  rolling  and  pitching  motions  of  the  aircraft.  It 
was  therefore  indicated  that  a study  be  made  to  establish  the 
criteria  for  the  design  of  high-performance  automatic  control 
equipment  for  helicopters,  with  emphasis  on  the  possibility 
of  integrating  the  action  of  autopilot  and  rotor  RPM  governcr . 

The  helicopter  configuration  chosen  by  mutual  agreement 
for  initial  consideration  under  this  program  was  the  single 
main-rotor  type  with  the  torque-compensating  tail  rotor,  and 
powered  by  a single-spool  turbo-prop  engine.  In  accordance 
with  the  aforementioned  objective  of  studying  the  effects  of 
cross-coupling  between  transients  in  rotor  RPM  and  helicopter 
motions  on  the  design  and  operation  of  automatic  controls,  it 
was  necessary  to  develop  the  theoretical  equations  for  the 
dynamical  analysis  on  this  basis.  As  for  the  turbo-prop  engine, 
it  was  necessary  to  establish  the  acceleration  characteristics 
for  the  particular  unit  chosen  as  the  investigation  model. 

An  additional  consideration  at  the  outset  was  the  desire 
to  explore  the  value  to  the  present  study  of  the  comparatively 
new  Root  Locus  method  of  feedback  analysis.  This  technique 
was  applied  in  the  investigation  of  rotor  RPM  control  baaed  on 
relatively  simplified  flight  conditions  (see  Section  V).  Of 
course,  also  available  at  Minneapolis-hcnoywell  as  a tool  for 
the  analysis  of  closed  loop  servo  systems, is  the  REAC  analog 
computer,  which  was  employed  in  the  seune  investigation  as  above. 

The  program  of  study  experienced  several  alterations  in 
schedule  from  that  originally  set  up.  These  had  to  do  pri- 
marily with  the  Interest  expressed  by  the  Bureau  of  Aeronautics 
mid-ray  in  Phase  I in  having  this  work  give  early  consideration 
to  the  control  problems  of  the  helicopter  with  reciprocating 
engine,  especially  for  the  ASW-type  ol’  mission.  The  effort  on 
the  turbo-prop  engine  was  conseque ntl3’  suspended  prior  to  com- 
pletion. The  theoretical  determination  of  the  dynamical  char- 
acteristics of  the  piston-type  engine  was  then  undertaken 
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simultaneously  with  efforts  to  secure  corresponding  experimental 
data  from  th«  Asroneutl ''«!  Engine  LaDoratory,  Naval  Air  Material 
Center . 

With  the  development  of  the  equations  of  motion  for  the 
helicopter  and  the  theoretical  estimate  of  the  transient  be- 
havior of  the  reciprocating  engine,  tne  servo  analysis  was 
initiated  by  a detailed  consideration  of  the  means  for  mechan- 
izing the  error  sensing,  control  actuating,  and  othor  elements 
of  the  closed-loop  feedoack  systems  The  status  of  this  work 
is  included  in  the  discussions  of  Section  VI. 

The  preceding  statements  were  intended  to  provide  an  over- 
all picture  of  the  program  of  activities  in  Phase  I of  this 
study.  The  sections  to  follow  will  discuss  this  work  at  greater 
length,  although  those  topics  for  which  Interim  Reports  have 
been  Issued  are  only  briefly  descrloed  nere. 


♦1 


3 

5 


J 


i 


RESTRICTED 


II  REVIEW  OF  PRIOR  ART 


2.1  STUDY  OF  THE  LITERATURE 

2.1.1  Basic  Helicopter  Dynamics 

A thorough  survey  has  been  made  at  Mlnneapoll s-Honejnwell 
of  the  available  literature  In  the  field  of  hellcopte.’  dynsiiilcs. 
From  the  standpoint  of  the  present  study,  the  obvious  question  at 
the  beginning  was  whether  there  already  existed  the  necessary 
transient  data  for  the  helicopter  In  the  form  desired  for  the 
present  application.  In  particular,  there  was  the  problem  of 
Including  in  the  theory  tne  effects  of  variable  RPM  of  the 
rotor.  It  was  also  desireo  that  a perusal  of  the  literature 
be  made  for  the  pur’pose  of  determining  which  theories,  ex- 
periments, etc.,  were  likely  to  be  most  useful  in  guiding  the 
present  development  In  the  event  that  new  stability  equations 
had  to  be  derived. 

Presented  In  Appendix  A Is  a bibliography,  arranged 
chronologically  of  the  documentation  exsunlned  during  tne 
Initial  phases  of  the  present  research  project.  The  list 
does  not  include  reports  dealing  primarily  with  vibration  or 
flutter,  nor  material  which  was  very  recently  received  and, 
therefore,  had  little  Influence  on  the  aevelopments  reported 
here . 


The  theory  for  helicopter  dynamics  has  progressed  to  a 
relatively  advanced  state  but  for  the  most  part  remains  with- 
out experimental  corroboration.  Regarding  the  effect  of 
transients  In  rotor  RPM,  previous  Investigators  chose  to  neglect 
this  effect  In  their  evaluation  of  helicopter  dynamics. 

2.1.2  Helicopter  Autopilot  Development 

The  reports  on  earlier  work  In  this  field  are  Included 
In  the  bibliography  in  Appendix  A.  Every  effort  has  been 
made  to  benefit  the  present  effort  by  the  experiences  of  prior 
developments.  Here  again,  however,  the  scope  of  these  previous 
projects  was  of  a more  limited  nature  than  that  planned  here. 

2.1.3  He..lcopter  Rotor  RPM  Control 

A bibliography  of  previous  work  In  this  field  is  presented 
in  Appendix  B.  A study  of  these  reports  has  l^.dic^ltsd  that  a 
need  exists  for  the  establishment  of  basic  theoretical  criteria 
for  the  design  of  these  controls.  Including  a determination  of 
whether  some  coupling  with  the  helicopter  attitude  stabilization 
system  Is  desirable. 
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2.2  SURVEY  TRIP 


In  Interim  Report  AD  5I43-TR1,  Reference  (l),  are  presented 
the  results  of  a survey  trip  made  to  secure  up-to-the-minute 
information  on  various  aspects  of  helicopter  automatic  control 
problems.  Quoting  from  the  Abstract  of  Reference  (1), 

"Research  personnel  of  the  Aeronautical  Division  have 
completed  a program  of  visits  to  a t>roup  of  facilities  concerned 
with  helicopter  flight  control  and  helicopter  engine  control. 

The  purpose  of  these  visits  was  to  learn  at  first  hand  whether 
certain  Information  was  available  at  these  facilities  which 
could  be  utilized  In  the  research  study  under  Contract  No. 
Nonr-929(00 ) —hereinafter  referred  to  as  the  subject  contract 
or  subject  study.  The  Information  desired  Included  dynamic 
and  static  stability  derivatives,  steady  state  and  transient 
engine  characteristics,  pilot  opinions  on  and  desires  for 
helicopter  handling  and  flying  qualities,  and  suggestions  as  to 
the  analytical  methods  which  should  be  employed  In  the  subject 
study.  This  report  Is  a compilation  of  the  Information  re- 
ceived during  the  course  of  the  several  visits  described  herein." 

The  reader  1s  referred  to  the  above  report  for  further  details. 
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III  EQUATIONS  OF  HELICOPTER  MOTlUN  IN  HOVERING 


Inuarauch  ua  the  review  deaui’ibed  in  Section  II  Imu  indi- 
cated that  the  theoretical  equations  for  helicopter  motion 
had  not  been  previously  derived  as  required  for  the  present 
study,  it  was  evidently  necessary  to  provide  such  a develop- 
ment here.  This  work  has  been  described  in  three  previous 
Interim  Reports,  References  (2)-  (4)  • The  abstracts  from  these 
reports  are  reproduced  below: 

A.  AD  51U3-TR2 : "A  review  1s  presented  of  the  problem  of 

the  Induced  velocity  at  the  rotor  of  a nominally-hovering  heli- 
copter which  is  undergoing  transient  motion.  It  has  been 
suggested  that  the  variation  of  induced  velocity  occurring 
during  the  disturbance  experienced  by  the  helicopter  may  have 
a significant  effect  on  the  transient  motion  of  the  helicopter. 
It  is  noted,  however,  that  it  has  been  almost  universal  practice 
to  ignore  the  effects  of  variations  in  the  induced  velocity 
in  studying  helicopter  dynamics,  because  of  the  additional 
labor  that  would  bo  required  to  evaluate  and  include  these 
effects.  It  is  concluded  that  the  effort  under  Contract  No. 
Nonr-929(00)  must  of  necessity  be  similarly  limited,  but  it 
is  suggested  that  the  Office  of  Naval  Research  consider  this 
problem  as  worthy  of  a separate  research  project  for  University 
research  personnel,  or  the  National  Advisory  Committee  for 
Aeronautics 

B.  AD  5143-TR3:  "This  report  contains  the  development  of  the 

theoretical  aquation  for  the  aerodynamic  torque  absorbed  by  a 
helicopter  rotor  which  is  axporlenclug  transient  disturbances 
in  RPM  while  the  helicopter  is  hovering.  Inasmuch  as  the 
dynamical  equation  for  torque  was  found  to  Include  the  effects 
of  the  siuiultanec'us  transients  in  blade  coning  angle  and  verti- 
cal velocity  of  the  aircraft,  it  was  necessary  to  derive  auxil- 
iary equations  defining  these  additional  vailrcles,  and  these 
equations  are  also  shown  here. 

The  system  of  equations  derived  in  this  report  is  required 
in  the  analytical  study  of  controls  for  automatic  regulation 
of  helicopter  rotor  RPM.** 

C.  AD  $14^-TR7i  "This  report  contains  the  development  of  the 
theoretical  equations  defining  the  motions  of  a helicopter 
experiencing  transient  disturbances  from  steady-state  hovering. 
Included  in  this  treatment  of  helicopter  motion  is  the  consider- 
ation of  the  influence  of  simultaneous  transients  in  rotor  RPM. 
The  helicopter  chosen  for  this  study  was  of  the  single  main 
rotor  type,  employing  a tail  rotor  for  torque  compensation. 
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On  the  basis  of  the  linearized  analysis,  it  was  established 
that,  while  variations  in  rotor  RPM  do  not  couple  directly 
with  pitching  and  rolling  .-notions,  by  virtue  of  the  action  of 
the  tail  rotor  a secondary  type  of  coupling  was  found  to  exist 
between  tiie  slI  ore"!enr. ."inAii  variabiss.^ 

While  Report  -TR7  has  Included  in  a more  generalized  way 
the  material  in  Report  -TR3,  the  latter  report  provided  the 
equations  on  at  least  an  approximate  basis  for  an  early  attack 
on  the  rotor  RPM  control  problem.  By  thus  postponing  the 
consideration  of  autopilot-RPM  coupling  requirements,  it  was 
possible  to  gain  considerable  insight  into  this  problem  with 
a minimum  of  complication. 

The  details  of  this  phase  of  the  study  effort  can  be  ob- 
tained from  the  aforementioned  Interim  Reports. 


M-H  Aero  Report  AD  5143-TR8 


- 6 - 


RESTRICTED 


RESTRICTED 


IV  DYNAMICS  OF  HELICOPTER  ENGINES 


4.1  TURBO-PROP  ENGINE  (SINGLE-SPOOL) 

The  repraaentation  of  tho  engine  transfer  function  was 
determined  largely  from  a study  of  tho  reports  of  tho  NACA 
deeding  with  this  subject.  Of  principal  importance  in  this 
connection  were  References  (5)  and  (6).  The  theoretical  tran- 
sient characteristics  obtained  from  this  examination  as  well 
as  tho  experimental  data  (taken  from  Reference  7)  used  there- 
with have  been  presented  in  Interim  Report  -TR4  (Reference  8)  . 

Aa  it  finally  was  employed  in  the  present  analysis,  tho  trans- 
fer function  for  tho  single -spool  turbo  prop  engine  was  char- 
Ectorlzod  by  two  cascaded,  first-order  time  lags;  the  first  was 
representative  of  the  delay  time  between  fuel  valve  actuation 
and  energy  availability,  while  tho  second  was  related  to  the 
inertia  characteristics  of  the  rot«^ing  system. 

4-2  RECIPROCATING  ENGINE  (SINGLE  STAGE  SUPERCHARGER) 

The  study  of  piston  engines  requires  first  that  dynamic 
equations  of  motion  bo  derived  for  tho  purpose  of  analysis  or 
simulation.  The  following  is  a discussion  of  the  assumptions 
and  decisions  made  in  obtaining  the  resultant  relationship 
between  throttle  change  and  rpm  change. 

Inasmuch  us  the  doioi-mlnation  of  the  piston  engine  dynami- 
cal characteristics  (and  the  simulation  thereof)  is  accomplished 
in  a more  amenable  fashion  by  experimental  rather  than  theoreti- 
cal moans,  it  was  desired  to  survey  the  availability  of  such 
experimental  data  (Reference  1).  According  to  the  engine 
manufacturers,  no  data  of  the  type  sought  were  available.  It 
wan  therefore  concluded  that  two  courses  of  action  were  open: 

(1)  obtain  the  engine  dynamic  equations  mathematically,  and 

(2)  set  up  an  engine  test  program  and  obtain  the  equations 
experimentally.  Both  courses  were  adopted  and  results  thus 
far  obtained  are  given  below. 

Because  the  interest  here  in  the  piston  engine  concerns 
the  dynamics  between  throttle  input  and  RPM  output,  it  was 
quickly  determined  that  at  least  one  lag  would  exist  because  of 
engine  inertia.  Whether  other  lags  exist  was  not  immediately 
obvious.  The  basic  problem  here  was  to  determine  the  dynamic 
relationship  between  throttle  and  engine  torque, si  nee  tho  lag 
mentioned  above  determines  the  dynamics  between  engine  torque 
and  RPM.  Taylor  and  Taylor,  on  page  155  of  Reference  (9), 
discuss  the  problem  of  delay  in  acceleration  after  throttle 
increase.  Apparently  some  of  the  additional  fuel  is  not 
inmedlately  vaporized,  but  rather  flows  slowly  along  the 
manifold  walls,  delaying  th'  realization  of  the  required  torque 
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associated  with  the  throttle  change.  Partial  compensation 
for  this  phenomenon  is  generally  obtained  through  use  of  acceler- 
ating wells  which  add  additional  fuel  during  accelerations. 

During  deceleration  the  excess  fuel  which  is  flowing  along  the 
walls  causes  temporary  delay  in  reducing  cr.gine  torque  output, 
while  this  latter  phenomenon  is  of  little  concern  in  most 
instances,  for  precise  PPM  control  of  e helicopter  it  would 
appear  that  some  consideration  should  be  given  to  this  de- 
celeration phenomenon.  Consequently,  further  knowledge  on  this 
subject  was  sought  from  various  authoritative  sources  (References 
(IO-II4.)  which  treat  the  general  subject  of  engine  testing, 
but  no  new  material  was  derived. 

Several  reports  on  the  control  of  piston  engines  are  based 
on  the  assumption  that  no  lag  exists  between  throttle  and  torque; 
e.g.,  in  a recent  report  (see  Reference  15)  the  assumption  is 
made  that  engine  torque  responds  to  tJirottle  motion  without 
lag.  On  the  other  hand,  other  reports  give  the  impression  that 
additional  lags  are  Important;  e.g.,  in  Reference  (I6)  which 
discusses  automobile  engine  acceleration  tests  run  for  the  pur- 
pose of  determining  what  additional  fuel  should  be  injected 
during  acceleration,  a number  of  curves  are  presented  from 
which  it  appears  that  a lag  of  l/(ls  + 1)  should  be  Included  in 
the  analysis.  Reference  (17)  which  -contains  a dynamic  analysis 
of  a turbo-supercharged  engine  discusses  a lag  chosen  as  l/(.5a  + 
which  represents  the  lag  in  changing  the  flow  of  fuel  air 
mixture,  and  also  a lag  representing  the  time  required  for  the 
gas  to  enter  the  engine  and  develop  tlie  associated  torque. 

The  only  feasible  means  of  determining  whether  such  lags  do 
indeed  exist  on  the  R102O-8q.  engine  (chosen  as  the  vehicle 
for  this  study)  is  by  engine  acceleration  tests.  AEL  is  equip- 
ped to  run  such  tests  euid  have  scheduled  same  for  early  September, 
1953.  Because  an  RI82O-84  engine  is  not  readily  available, 
an  RI82O-74  which  is  availaole  la  being  substituted.  Prom  a 
dynamics  standpoint  the  two  engines  are  similar.  The  engine 
tests  will  also  include  the  dynamics  of  the  supercharger  which 
must  be  Included  in  the  present  analysis.  inertia  of  main 
rotor,  tall  rotur,  gear  box,  etc.  will  be  simulated  by  appro- 
priate inertia  on  the  engine  shaft. 

With  the  above  considerations  in  mind  an  equation  expressing 
the  dyneunlcs  of  the  engine  was  derived,  assuming  that  the  AEL 
test  data  would  be  available  at  some  future  date  to  supplement 
or  modify  the  present  analysis.  The  development  of  this  equation 
follows . 


Vp. 

Pm 

Engine 

1 
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The  basic  equation  expressing  the  acceleration  of  the 
rotor  and  engine  system  is 

AQe 

wbe  re 


— rhnr«£« 

in 

engine 

torque  output 

= cilunge 

in 

ro  tor 

load 

to  rque 

IrtT  ~ total 

moment  of 

Iner  t 

ia 

j^CL  - change 

in 

engl  no 

RPM 

P,  = engine 

to 

rotor 

gear 

r e du  c t i 0 n 

The  moment  of  inertia  jr^r:  is 
the  moments  of  inertia  of  the  rotor, 
pressor,  rospec t ively » 


composed  of  Ip,  I , 
the  engine,  and  tne 


and  Ij,, 
com- 


where  and  R2  are  gear  reductions  between  engine  and  rotor, 
and  engine  and  compressor,  respectively- 

is  determined  as  a function  of  those  variables 
having  a bearing  on  the  aerodynamic  load  of  the  rotor,  whlie^Qe 
is  expressed  as  a function  of  manifold  pressure  change  and  engine 
RPM  change,  as  given  normally  by  performance  curves^  The 
latter  relationship  can  be  written  as: 


Writing 


dOe. 


Af  Sru/ 


= A. 


there  results 

(2) 


Referring  now  to  Figure  1,  the  following  equations  may  be 
written: 


A Pm  •StAPi, 


(J) 


where 


APm  = change  in  manifold  pressure, 

= change  in  compressor  inlet  pressure, 

6 - k3L\ 

and  -L  { 

d£l  \P^  ' 


M-H  Aero  Report  AD  5143 -TR8 


- 9 - 


RESTRICTED 


RESTRICTED 


Af%.  ^ O.AWg  C^ATA 

where 


Al^  = change  in  air  mass  flow, 
ATTi  = change  in  throttle  angle. 


d/K/ 


ft- 

^ IA4 


77k  - 


4^4  (Z 


(4) 


(5) 


where 


4, 

4.-.M 


1^ 


In  equation  (5)  it  is  aastuned  that  changes  in  engine  back 
pressure  will  ba  negligible.  Other  assumptions  and  approxi- 
mations involved  in  equations  (3)  to  (5)  inclusive  are  similar 
to  those  of  the  analysis  given  in  Reference  (I?)* 


Combining  equations  (1)  to  (5)  inclusive  results  in 
the  simulation  equation  for  the  engine.  Thus, 


whe  re 


AZ/  jAQ  -a  ^2.^  - A ^rt>r.  ^ 


4 


A6, 


A C/ 


(3Mc7  ^2,  * 


/-s.c.  o, 


Rewriting  and  including  the  Laplacian  operator  results  in: 


AQ=  a7A  - 

rs-t/ 

where  Tr*,r 

E. 

/f7  - , 


'/JT  ■**/ 


aftd 


/ 

e.e, 


(6) 
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The  additional  lags"^  relating  throttle  change  to  engine 
torque  change  as  developed  in  Reference  (17)  may  be  incorpor- 
ated resulting  in: 


^ ^ ^ Ts-h/  ^ 

It  is  expected  that  the  AEL  tests  will  dPT.onstrate  that  ^ 
and  will  vary  with  operating  condition  and  will  also  have 

different  values  for  acceleration  and  deceleration.  These 
variations  will  be  taken  into  account  in  the  simulation  as  the 
data  become  available. 


* represents  the  time  required  for  the  change  in  fuol-air 

flow  to  enter  the  engine,  be  compressed,  ignited  and  expelled, 
and  is  taken  in  Reference  (17)  to  be  O.O444  sec.  /T  repre- 
sents the  lag  in  changing  the  quantity  of  fuel -air  mixture 
and  is  taken  to  be  0,5  sec.  after  Reference  (17)  • 
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V CONTROL  OF  ROTOR  RPM  IN  HOVERING 
(TURBO-PROt^  engine! 


5.1  ROOT  LOCUS  STUDY 

On  the  basis  of  the  approximate  relationships  for  helicopter 
motion  in  Reference  (3)  and  the  engine  transient  characteristics 
in  Reference  (8),  an  analytical  study  of  rotor  RPM  automatic 
control  (presuming  no  coupling  with  or  from  the  attitude  con- 
trol system)  was  undertaken.  This  has  been  described  in 
Interim  Report  AD  5143-TR5  (Reference  l8),  wherein  the  Abstract 
stated,  "This  report  presents  the  results  of  a preliminary 
analytical  study  of  the  RPM  and  temperature  control  of  a heli- 
copter turboprop  engine  and  rotor  combination.  The  system 
considered  is  spoken  of  as  being  one  in  which  RPM  is  controlled 
by  the  manipulated  variable  fuel  flow,  and  temperature  is  con- 
trolled by  the  manipulated  variable  collective  pitch.  The  follow- 
ing three  simple  configurations  were  investigated  using  root 
locus  procedures: 

1)  Integral  conti'ol  in  the  RPM  feedback  loop  and 
proportional  control  in  the  temperature  feedback 
loop. 

2)  Proportional  control  in  the  RPM  feedback  loop 
and  integral  control  in  the  temperature  feedback 
loop . 

3)  Integral  control  in  the  RPM  feedback  loop  and  rate 
control  in  the  temperature  feedback  loop. 

The  conclusion  reached  is  that  the  third  configuration 
listed  holds  the  greatest  promise  of  satisfactory  dynamic 
response  of  RPM."  For  further  particulars  the  Interim  Report 
should  be  consulted. 


5.2  REAC  STUDY 

The  use  of  the  analog  computer greatly  facilitates  the 
study  idion  it  is  desired  to  explore  the  performance  of  a great 
variety  of  configurations  of  closed-loop  control  systems. 

This  approach  was  employed  in  the  present  research  program, 
as  described  in  Interim  Report  AD  51h3-TR4  (Reference  8)  . 

The  Abstract  in  that  document  stated,  "This  report  contains 
a presentation  of  the  results  of  an  analog  (REAC)  computer 
study  of  the  automatic  control  of  rotor  RPM  of  a single-spool 


See  also  Section  VI-B  on  the  question  of  computer  accuracy. 
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CONTROL  OF  ROTOR  RPM  IN  HOVERING 
(T’JRBO-PRO?  ENGINE) 


5.1  ROOT  LOCUS  STUDY 


On  the  basla  of  the  approximate  relationships  for  helicopter 
motion  in  Reference  (3)  and  the  engine  transient  characteristics 
in  Reference  (8),  an  analytical  study  of  rotor  RPM  automatic 
control  (presuming  no  coupling  with  or  from  the  attitude  con- 
trol system)  was  undertaken-  This  has  been  described  in 
Interim  Report  AD  5143-TR5  (Reference  l8 ) , whorein  the  Abstract 
stated,  "This  report  presents  the  results  of  a preliminary 
analytical  study  of  the  RPM  and  temperature  control  of  a heli- 
copter turboprop  engine  and  rotor  combination-  The  system 
considered  is  spoken  of  as  being  one  in  which  RPM  is  controlled 
by  the  manipulated  variable  fuel  flow,  and  temperature  is  con- 
trolled by  the  manipulated  variable  collective  pitch.  The  follow- 
ing  three  simple  configurations  were  investigated  using  root 
locus  procedures: 

1)  Integral  control  in  the  RPM  feedback  loop  end 
proportional  control  in  the  temperature  feedback 
loop . 

2)  Proportional  control  in  the  RPM  feedback  loop 
and  integral  control  in  the  temperature  feedback 
loop. 

3)  Integral  control  in  the  RPM  feedback  loop  and  rate 
control  in  the  tempei’ature  feedback  loop. 

The  conclusion  reached  is  that  the  third  configuration 
listed  holds  the  greatest  promise  of  satisfactory  dynamic 
response  of  RPM."  For  further  particulars  the  Interim  Report 
should  be  consulted. 


5.2  REAC  STUDY 

The  use  of  the  analog  computer'**'  greatly  facilitates  the 
study  w^en  it  is  desired  to  explore  the  performance  of  a great 
variety  of  configurations  of  closed-loop  contro  1 0 y 3 1 0 uis  . 

This  approach  was  employed  in  the  present  research  progreun, 
as  described  in  Interim  Report  AD  5143-TR4  (Reference  8)  . 

The  Abstract  in  that  document  stated,  "This  report  contains 
a presentation  of  the  results  of  an  analog  (REAC)  computer 
study  of  the  automatic  control  of  rotor  RPM  of  a single -spool 


See  also  Section  VI-B  on  the  question  of  computer  accuracy, 


M-H  Aero  Report  AD  5143-TR8 


- 12  - 


RESTRICTED 


1 


RESTRICTED 


turbo-prop  engine.  The  equations  Involved  In  the  REAC  simulation 
are  Included,  as  well  as  extended  discussion  of  the  simulation 
and  associated  research.  Results  presented  Include  actual 
REAC  runs,  and  a tabulation  showing  a comparison  of  manual 
control  of  rotor  RPM  with  the  peT'f orraance  of  various  automatic 
controls  governing  rotor  RPM.  The  study  also  Includes  consider- 
ation of  the  Influence  of  various  automatic  RPM  control  con- 
figurations on  vortical  maneuverability  of  the  helicopter." 

One  of  the  special  features  of  this  phase  of  the  study 
was  the  development  of  the  device  "Steady  Eddie"  for  use  In 
conjunction  with  the  REAC.  By  moans  of  this  equipment  it  was 
possible  to  pursue  several  by-product  Inquiries  of  Importance 
to  the  subject  of  automatic  control  of  rotor  RPM,  Including 
the  one  stated  at  the  end  of  the  above  Abstract.  The  description 
of  "Steady-Eddla " Is  presented  In  Interim  Report  AD  5143-TRO 
(Reference  19) • 
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VI  WORK  IN  PROGRESS 

t 

6.1  EQUATIONS  OF  MOTION  IN  FORWARD  FLIGHT 

While  the  hovering  regime  represents  an  important  mode 
for  automatic  controls  operation,  especially  for  ASW-type  of 
duty,  it  1s  clearly  evident  that  the  criteria  for  design  must 
also  be  baaed  on  requirements  imposed  by  the  forward  flight 
regime.  To  provide  the  necessary  helicopter  transfer  functions 
for  controls  analyses,  an  effort  is  underway  to  develop  the 
equations  of  motion  in  forward  flight  with  rotor  RPK  degree  of 
freedom. 

To  date  the  above  development  has  progressed  to  the  point 
of  the  derivation  of  the  transients  in  blade  coning  and  in  tip 
path  plane  inclination,  where  the  helicopter  C.G.  is  constrained 
to  motions  in  tne  longitudinal  plane  only.  Reproducing  this 
work  in  detail  here  does  not  appear  to  be  warranted,  but  it 
is  of  interest  to  report  the  fact  that  rotor  RPM  variations 
proved  to  be  coupling  factors  in  the  blade  motion  equations, 
along  with  tremsients  in  helicopter  C.G.  movement.  The  effect 
of  the  coupling  has  as  yet  not  been  determined. 


6.2  COMPLETE  CLOSED-LOOP  CONTROL  STUDY 


In  the  Initial  helicopter  control  study  which  will  consider 
the  hovering  regime  of  flight,  there  will  be  five  controlled 
var iablss : 

1.  = Speed  of  the  engine  (and  thus  speed  of 

both  the  main  and  tall  rotor  since  both 
are  geared  to  the  engine  with  a given, 
fixed  gear  ratio. 

2.  = Longitudinal  pitch  of  the  helicopter 

about  the  y axis. 

3.  ~ Roll  angle  of  the  helicopter  about  the 

X axis. 


4..  = Heading  angle  or  yaw  of  the  helicopter 

^ about  the  z axis. 

5.  ^ = Helicopter  altitude  or  movement  in  the 

z direction. 


The  objective  will  be  to  study  the  responses  obtained  by 
various  control  configurations  by  REAC  and  analytical  means, 
and  to  determine  the  dynamical  characteristics  from  the  absolute 
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stability,  transient  and  steady-state  performance  standpoints. 
Since  the  purpose  will  be  to  determine  and  compare  the  performance 
of  various  practical  methods  of  control,  and  to  make  specific 
recommendations  from  these  findings,  no  minimum  design  criteria 
as  to  speed  of  response,  steady-state  error,  maximum  overshoot 
or  frequency  of  oscillation  need  be  established  at  the  outset. 

The  simplest  and  most  economical  control  configuration  that 
results  in  minimum  steady-state  errors,  and  fui’ther,  that 
allows  the  transient  deviation  to  be  a minimum  both  in  time 
duration  and  amplitude  will  be  Judged  best. 

If  the  components  in  the  control  loop  are  taken  in  the  order 
of  the  information  flow  the  five  controlled  variables  must  first 
be  measured.  It  is  these  measured  quantities  that  are  controlled. 
Therefore,  there  should  be  minimum  lags  in  the  sensing  units, 
since  it  is  desirable  that  thslr  outputs  be  as  representative  of 
the  actual  physical  inputs  as  possible. 

Speed  Control:  If  it  is  desired  to  regulate  speed  using 

proportional  and  integral  control  alone,  the  Woodward  Governor 
is  a compact  instrument  that  combines  both  the  measuring  and 
regulating  functions  in  one  component.  The  transfer  function 
for  this  unit  is  usually  represented  by  the  integral  and  pro- 
portional operations  plus  a single  order  lag  with  a time  con- 
stant of  about  0.05>  sec. 

In  some  appllcatl  ma  it  is  desirable  to  have  controls  such 
as  proportional,  integral,  and/or  rate  operate  on  tne  speed 
error  in  the  forward  loop.  TheJi  e D.C.  tachometer  (which  needs 
a filter)  performs  the  speed-sensing  function,  and^D.C.  network 
utilizes  its  output  to  secure  the  control  configuration. 

If  output  speed  control  is  desired,  components  such  as 
accelerometers,  A.C.  tachometers  and/or  Integral  devices  can 
be  placed  in  the  feedback  path.  It  is  also  common  practice  to 
use  a combination  of  speed  error  and  output  speed  control,  eund 
the  desirability  of  each  method  depends  upon  the  plant  transfer 
function,  and  the  point  of  application  of  the  load  disturbances. 

Roll  and  Pitch  Control:  It  is  conventional  to  sense 

roll  and  pitch  displacement  with  one  vertical  gyro.  This  has 
negligible  dynamics,  since  its  rotor  is  fixed  in  space,  and  the 
dlsplacoment  function  may  be  considered  Instantaneous. 

The  customary  method  of  securing  rate  is  by  the  use  of 
rate  gyros  — one  for  eacli  axis  controlled.  The  singlo-degree- 
of  freedom,  viscous-damped  rate  gyros  are  thought  unnecessarily 
accurate  and  costly  for  helicopter  applications.  Their  thres- 
hold is  needlessly  low — 0.003  deg/sec  to  O.OOO6  deg/sec  --  and 
they  require  extra  equipment  such  as  amplifiers,  etc.  Damped 
rate  gyros  are  under  development  that  have  a variable  frequency 
and  damping  ratio  range.  These  will  be  simulated  on  the  REAC 
and  the  characteristics  of  the  gyro  simulation  varied  to  secure 
opTJimum  response. 
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It  is  planned  that  conslderacion  will  also  be  given  to 
controlling  pitch  end  roll  disturbances  by  means  other  than  the 
use  of  the  position  gyro  in  the  fuselage.  Nothing  concrete 
has  been  established  yet  in  this  regard. 

Heading  Control;  Although  complete  information  on  the 

study  helicopter  has  not  as  yet  been  received,  it  is  most 
probable  that  the  helicopter  will  be  completely  instrumented 
and  therefore  be  equipped  with  a Gyro  Magnetic  Compass.  In 
this  unit  a magnetic  compass  aligns  a position  gyro  to  magnetic 
north  and  puts  out  a synchro  signal.  It  is  only  necessary  then 
to  supply  a compass  coupler,  wh5.ch  is  essentially  a follow-up 
motor  that  drives  a potentiometer  in  response  to  the  synchro 
slgial.  The  Important  dynamics  of  this  system  are  in  the  compass 
coupler,  and  a representative  simulation  would  be  a second 
order  system  with  a natural  frequency  of  about  3.2  CPS  at  a 
damping  ratio  of  about  0.7.  If  yaw  rate  is  desired  a rate 
gyro  or  network  must  be  used. 

Altitude  Control ; The  present  preliminary  thinking  on 

altitude  sensing  is  along  the  lines  of  using  a radio  altimeter 
or  the  sonar  cable.  Elxcept  for  cable  dynamic  lags  duo  to  wind 
loads  in  the  latter,  both  means  of  sensing  can  be  thought  of  as 
being  instantaneous.  Pressure  sensing  altitude  controllers 
might  cause  trouble  because  of  the  difficulty  in  securing  an 
accurate  static  pressure  source  due  to  the  rotor  downwash. 

Regvilation;  The  first  plan  is  to  perform  the  regulating 
f unc t i oins  'i n tKe  following  ways: 

1)  Engine  speed  is  to  be  regulated  by  a servo  motor 
attached  to  the  throttle  lever  or  carburetor 
butterfly  valve  governing  throttle  position  (Th) . 

2)  Longitudinal  pitch  will  ^ regulated  by  a servo 

motor  to  cyclic  pitch  ( ). 

3)  Helicopter  roll  will  be  regulated  by  a servo 

motor  to  cyclic  pitch  ( ). 

4)  Heading  will  be  regulated  by  a servo  motor  attached 

to  the  lever  controlling  tail  rotor  blade  pitch  (^  ). 

5)  Altitude  will  be  controlled  by  a servo  motor 
regulating  main  rotor  collective  pitch  ( ^ ) . 

The  underlined  quantities  in  the  above  are,  therefore, 
the  manipulated  variables. 

When  both  engine  speed  and  helicopter  altitude  are  sub- 
ject to  automatic  control,  it  is  presently  felt  to  be  more 
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desirable  to  control  engine  speed  with  throttle  and  altitude 
with  collective  pitch  (as  above),  than  the  alternate  method 
of  controlling  engine  speed  with  collective  pitch  and  altitude 
with  throttle  . Collective  pitclT^a  usually  thought  of  as  a 
primary  control  (power  required)  while  engine  speed  la  controlled 
by  tha  throttle  setting  (power  available)  that  la  dictated  bv 
the  load  requirements  of  the  rotor.  (See  also  Reforonce  (15) 
for  further  discussion.) 

During  the  course  of  the  controls  analyses,  consideration 
will  also  be  given  to  cross-coupling  in  the  feedback  paths. 

The  most  recent  trend  in  helicopter  autopilots  is  toward 
the  differential  system  , thus  eliminating  the  formation  stick 
that  is  permlssable  in  the  conventional  airplane.  In  the  differ- 
ential system  the  pilot  controls  do  not  move  when  the  autopilot 
la  operating,  and  when  on  autopilot,  the  helicopter  can  be 
con^olled  from  the  cockpit  in  the  normal  manner.  Since  the 
S-58*i3  thought  to  have  a hydraulic  boost  control,  a differential 
hydraulic  servo  will  be  considered  first  in  the  control  simula- 
tion. Tost  results  show  that  even  for  small  changes  in  maxi- 
mum amplitude  the  frequency  response  varies  widely,  and  the 
unit  is  therefore  quite  different  from  a simple  I'lnettr  system. 
Further,  the  amplifier  used  has  a marked  effect  on  the  servo 
response.  Because  of  these  complications,  for  simulation 
purposes,  a simple  flrst-rorder  lag  of  5 cps  at  45  degrees  will 
bo  taken  to  represent  the  servo  units.  This  specification  is 
far  beyond  the  frequency  of  any  helicopter  motor  that  will  be 
encountered. 

Func tional  Dependency:  The  most  direct  way  of  stating 

the  functional  dopaidoncy  between  the  vsu*iables  is  to  list  the 
effects  of  a change  in  the  manipulated  variables  on  the  depen- 
dent variables  before  the  conti'oi  corrections  take  place. 

This  is  done  in  the  following  paragraphs  for  each  controlled 
variable . 

I.  Engine  speed  (iT.)  as  a contr'^lled  variable. 

( throttle)  will  affect  the  following: 

1.  speed  of  the  main  and  tail  rotor. 

(y-w)  since  tall  rotor  thrust  will  increase. 

3.  z (altitude)  since  main  rotor  thr'ist  will  Increase. 

* 4.  y (side  displacoment ) since  tail  rotor  thrust 
will  increase. 

5*  (roll)  since  tail  rotor  thi^ust  will  increase. 


See  Section  VII  for  further  reference  to  the  S-58  helicopter 
(also  referred  to  as  the  XHSS-1) . 
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II.  Longitudinal  Pitch  ( ccy  ) as  a controlled  variable. 

^ will  affect  the  following: 

1.  X (forward  displacement)  since  main  rotor  thrust 
is  inclined. 

2.  (pitch)  since  a pitching  moment  is  produced 
by  a main  rotor  thrust  component. 

3.  because  of  coupling  in  main  rotor. 

III.  Roll  angle  { ) as  a controlled  variable.  Ok 

will  affect  the  following; 

1.  y (side  displacement)  since  main  rotor  thrust 
la  inclined. 

2.  (roll)  since  a rolling  moment  is  pro- 
duced by  the  main  rotor  thrust  component. 

» 3.  c(^y  (pitch)  because  of  couplir.g  in  main  rotor. 

IV.  Yaw  Angle  ( ) as  a controlled  variable.  -^^Ot 

will  affect  the  following: 

1.  (yaw)  since  tall  rotor  thrust  will  increase. 

<*■  2.  y (side  displacement)  since  tall  rotor  thrust 

will  Increase. 

3.  z (altitude)  since  load  on  engine  is  increased. 

4*  (engine  speed)  since  load  on  engine  ie 

Increased. 

* 5*  0<.x  (roll)  since  tail  rotor  thrust  causes  rolling 

moment. 

V.  Altitude  (z)  as  a controlled  variable.  -*^0  will 
affect  the  following: 

1.  z (altitude)  since  thrust  of  main  rotor  Increases. 

2.  (engine  speed)  since  load  on  main  rotor 
Increases . 

3.  ^2  (yaw)  since  engine  speed  changes  and  thus 
also  tall  rotor  thrust. 

«■  4»  y (side  displacement)  since  tall  rotor  thrua  i 

changes . 

* 5.  (roll)  since  tail  rotor  thrust  changes. 

The  effect  of  the  independent  variables  on  those  dependent 
variables  "marked  (*)  are  small  and  possibly  negligible  at 
least  for  analytical  calculations. 

The  above  dependency  can  be  summarized  to  produce  the  more 
convenient  block  diagram  shown  in  Figure  2.  This  gives  an 
overall  picture  of  the  problem  in  its  most  complete  form,  and 
is  substantially  the  system  that  will  be  placed  on  the  REAC . 
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There  are  10  equations  of  dynamics  Involved  (the  six 
degrees  of  freedom  of  a body  In  space,  three  rotor  flapping 
equations  and  an  engine  equation),  and  as  the  block  diagram 
shows,  for  analytical  work  these  10  must  be  solved  l6  times 
to  produce  the  indicated  transfer  functions. 

^19^19#  ^20^20*  “'d  ^21^21  5 control  blocks  sind^ 

symbolically  are  thought  of  as  containing  the  transfer  functions 
of  the  sensing,  regulating  and  control  units. 

Every  effort  will  be  made  to  simplify  the  analytical 
treatment  wherever  engineering  judgment  Indicates  such  simpli- 
fication to  be  feasible. 

Use  of  the  Analog  Computer:  There  has  x’ecently  been 

some  discussion  In  regard  to  the  possible  Inadequacy  of  the 
REAC  as  a means  of  simulating  a helicopter  control  problem. 

(See  for  example.  Reference  21.)  The  point  raised  seems 
to  be  that  because  of  the  widely  different  frequencies  of  the 
helicopter  motion  and  rotor  motion,  difficulty  will  be  encoun- 
tered In  that  the  analog  computer  dynamics  will  obscure  the 
high  speed  rotor  dyneimlcs;  and  that  If  the  time  scale  Is  ad- 
justed to  avoid  this  difficulty,  computer  drift  and  long  solu- 
tion times  are  limiting  factors.  It  is  the  purpose  In  what 
follows  to  Indicate  that  In  all  probability  computer  dynamics 
do  not  affect  the  helicopter  simulation,  and  thus  the  time 
scale  need  not  be  changed. 

It  Is  recognized  here  that  the  electronic  differential 
analyzers  utilize  elements  that  unavoidably  Introduce  errors 
In  the  simulation.  Reference  (22)  states  that  In  certain 
extreme  cases  an  error  of  1 percent  ceui  be  produced  by  sui 
adding  unit  having  a bandwidth  two  thousand  times  the  highest 
frequency  present  In  the  simulation.  This  order  of  magnitude  Is 
wltMn  the  accuracy  of  any  hollcopter  characteristics  used  In 
the  simulation.  Reference  (22)  also  states  that  these  errors 
are  most  Important  for  simulations  having  characteristic  roots 
lying  near  the  Imaginary  axis. 

A simulation  of  the  stabilized  helicopter  with  rotor  dynamic 
Included,  results  In  roots  of  the  following  three  general  classes 

1.  Low  frequency  poles  (less  than  2 rad/sec) 
and  of  damping  greater  than  0.6. 

2.  Moderately  high  frequency,  moderately  damped 
blade-motion  poles. 

3.  A high  frequency  (35  rad/sec),  low  damped 
(DR  = .2)  blade-flapplng-motlon  complex  pair, 
together  with  a set  of  complex  zeros  In  the 
same  position  on  the  right  hand  plane. 
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The  most  difficult  task  for  the  computer  then  is  the  simulation 
of  the  high  frequency  pair  near  the  Imaginary  axis. 

As  is  well  known,  high  frequency  poles  have  a negligible 
effect  on  the  shape  of  a response  determined  by  low  frequency 
roots.  However,  they  do  have  a marked  effect  on  the  response 
magnitude.  In  the  helicopter  simulation  the  complex  zeros 
in  the  rlj^t  hand  plane  nullify  even  the  effect  the  high 
froqu' ricy  complex  pair  would  nave  on  the  gain  if  they  existed 
alone.  It  therefore  seems  logical  to  conclude  that  the 
simulation  errors  (if  they  exist)  are  unimportsmt,  since  the 
error-sensitive,  high-frequency  poles  themselves  are  'unimportant. 

It  is  important  to  realize  that  the  above  statement  should 
not  be  interpreted  to  mean  that  the  rotor  dynamics  themselves 
can  be  disregarded.  It  iu  suggested  that  only  the  high  frequency, 
low  damped  pole-zero  pairs  that  make  up  a portion  of  the  response 
can  be  neglected.  If  any  appreciable  errors  occur  in  the  REAC 
simulation,  the  major  portion  is  in  these  unimportant  roots. 

In  order  to  further  substantiate  the  validity  of  the  REAC 
simulation  the  following  simple  test  was  conducted  on  the  REAC: 

1.  A step  function  input  was  introduced  into  the 
transfer  function. 

W 

[5*-  + fzy.Vtb)^  4-^4]  • [5^  Cz)C.  zcfOC  sa^ss)  5 4<^.5s)^J 

This  contains  a pair  of  high  frequency  low 
damped  poles  simulating  two  of  the  blade  motion 
roots,  and  a low  frequency,  moderately  damped 
complex  pair  simulating  the  helicopter  motion. 

The  result  was  recorded  at  a paper  speed  of 
25  mm/sec,  and  reproduced  in  Figure  3. 

2.  The  time  scale  of  the  above  simulation  was 
then  reduced  by  a factor  of  ten  (thus  reducing 
the  frequencies  by  a factor  of  ten),  and  the 
response  to  a step  function  recorded  at  a paper 
speed  of  2.$  ram/sec.  This  is  reproduced  in 
Figure 

It  is  immediately  apparent  from  a comparison  of  t-.he  two  figures 
that  they  are  Identical.  It  seems  logical  to  assume  that  if 
any  simulation  errors  existed  in  Figure  3,  they  would  be  re- 
duced by  a factor  of  10  in  Figx;re  The  automatic  amplifier 

balance  featui*e  of  the  REAC  seems  to  stabilize  the  results 
even  at  the  low  paper  speed. 
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The  analytical  solution  of  the  response  for  the  magnitude 
of  step  input  chosen  is 

2.^7  - -^2.  <72 cos 

-Jf/ 

y c (.  3 2. ST 

y .o7&a  cos  32.at) 

It  can  be  seen  from  a comparison  of  the  coefficients  of  sin 
and  cos  terms  why  the  high  frequency  motion  does  not  affect 
the  total  response  shape.  The  time  to  first  reach  the  final 
value  calculated  from  the  low  frequency  poles  is  0.52  sec. 

This  checks  both  Figure  3 and  Figure  4*  The  percent  overshoot 
determined  from  calculations  on  the  low  frequency  poles  is  4.6 
percent  which  is,  within  the  degree  of  reading  accuracy,  what 
Figure  3 and  Figure  4 indicate. 
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VII  PROPOSED  PHASE  II  PROGRAM 


In  Phase  II  of  this  research  project,  as  has  been  Indi- 
cated In  previous  sections,  the  effort  will  be  directed  toward 
the  development  of  design  criteria  for  automatic  controls 
of  A$W-typa  helicopters,  as  exemplified  by  the  XHSS-1.  The 
program  has  been  outlined  in  some  detail  in  Reference  ’\20), 
and  It  essentially  tends  to  limit  the  scope  of  activity  In  a 
manner  wtilch  Is  most  apt  to  produce  tangible  results  for  the 
type  of  helicopter  configuration  indicated  above. 

Initial  concern  under  the  continuation  program  will  bo 
with  the  following: 

A.  Determination  of  the  analytical  processes  to 
bo  employed  In  the  automatic  control  system 
Investigation  which  can  proceed  with  the  receipt 
of  various  data  on  the  XHSS-1  helicopter; 

E.  Completion  of  the  development  of  the  forward 
flight  equations  of  motion; 

C.  Analysis  of  the  data  secured  by  AEL  on  reci- 
procating engine  transient  boh<'vior. 
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SUMMARY 


In  Phase  I of  the  study  of  automatic  control  systems  for 
helicopters,  the  principal  accomplishments  were  related  to 
laying  the  foundations  for  servo  analysis.  These  foundations 
Include  (a)  the  development  of  the  equations  of  motion  for 
hovering  and  for  forward-flight,  (b)  the  development  of  the 
equations  for  the  transient  characteristics  of  txirbo-prop 
and  reciprocating  engines,  and  (c)  the  determination  of  the 
dynamics  of  various  elemants  of  the  closed-loop  systems  to 
be  analyzed*  While  some  work  remains  to  be  done  in  connection 
with  the  above.  It  will  be  possible  to  undertake  the  controls 
study  with  the  receipt  of  the  numerical  data  on  the  XHSS-1 
helicopter  which  has  been  chosen  as  the  research  vehicle  for 
the  present  project. 

The  study  of  the  automatic  control  of  rotor  RPM  for  the 
case  of  the  turbo-prop  engine  has  been  partially  completed. 

It  was  found  that  from  the  standpoint  of  minimum  complexity 
the  lise  of  a control  Involving  only  proportional  and  Integral 
feedbacks  would  be  advisable;  but  to  gain  maximum  tightness  of 
control,  rate  feedback  should  be  added* 

In  Phase  II  of  this  research  program,  the  principal  effort 
will  consist  In  the  main  of  servo  analy«*«  «t  determin- 

ation of  the  control  system  design  criteria  for  the  ASW-type 
helicopter.  Additional  study  will  also  be  given  to  the  develop- 
ment of  the  forward  flight  equations  motion  with  RPM  degree  of 
freedom  and  to  other  basic  material  needed  for  extension  of 
the  controls  analyses  to  Include  all  of  the  primary  modes  of 
helicopter  operation. 


i 


I 

1 I 

\-t 


M-H  Aero  Report  AD  51^3-TR8 


- 26  - 


RESTRICTED 


RESTRICIED 


IX  REFERENCES 


(1)  Warsett,  P.  4 Brown,  C-A.:  "Sununary  of  Survey  Trip 

Initial  Phase",  ll-H  Technical  Report  AD  5143-TRl, 

26  August  1952. 

(2)  Warsett,  P.:  "The  Problem  of  the  Induced  Velocity  at  the 

Rotor  of  a Hovering  Helicopter  during  Transient  kotlon", 

M-H  Aero  Technical  Report  AD  5l^3-TR2,  12  November  1952* 

(3)  Warsett;  P.:  "Study  of  Automatic  Control  Systems  for 

Helicopters,  Part  I:  Aerodynamic  Torque  of  a Helicopter 

Rotor  Experiencing  Transients  in  RPM  While  Hovering", 

M-H  Aero  Technical  Report  AD  5143-TR3,  10  Juno  1953. 

(4)  Warsett,  P.:  "Study  of  Automatic  Cuutrol  Systems  for 

Helicopters,  Part  IV:  Equations  of  Motion  for  a Nominally- 

Hovering  Helicopter  with  Rotor  RPM  Degree  of  Freedom", 

M-H  Aero  Technical  Report  AD  5143-TR7,  19  June  1953. 

(5)  Taylor  III,  B.L.  4 Oppenhelmer,  P.L.:  "Investigation  of 

Prequoncy-Roaponse  Characteristics  of  Engine  Speed  for 

a Typical  Turbine -Propeller  Engine",  NACA  T.R.  1017. 

24  March  1950. 

(6)  Ketchum,  J.R.  4 Cralg,  R.T.:  "Simulation  of  Linearized 

Dynamics  of  Gas-Turbine  Engines",  NACA  T.N.  2626. 

November  1952. 

(7)  "Model  Specification  Contlnental-Turbomeca  Shaft  Turbine 
Model  Artouste  I",  Continental  Aviation  and  Engineering 
Model  Spec.  No.  20?9,  I8  February  19H9. 

(8)  Brown,  C.A.:  "Study  of  Automatic  Control  Systems  for 

Helicopters,  Part  II:  REAC  Study  of  RPM  Control  for  the 

Single  Spool  Turbo-Prop  Engine",  M-H  Aero  Technical 
Report  AD  5143-TR4#  31  July  1953. 

(9)  Taylor,  C.P.  4 Taylor,  E.S.:  "The  Internal  Combustion 

Engine",  International  Textbook  Co.,  Scranton  1948* 

ClO)  Gruber,  F.M.;  "Automotive  Engine  Testing",  Pitman  Publish- 
ing Company,  1950. 

(11)  Young,  S.J.  4 Pryer,  R.W.J.:  "The  Testing  of  Internal 

Combustion  Engine",  Hodder  4 Stou£^ton  Lmtd.,  London,  1936. 

0.3  Judge,  A.W.:  "The  Testing  of  High  Speed  Internal  Com- 

bustion Engines",  D.  Van  Nostrand  Company,  New  York,  1925* 


M-H  Aero  Report  AD  5143-TRS 


- 27  - 


RESTRICTFD 


RESTRlCiED 


(13)  Judge,  A.W.:  "Automobile  and  Aircraft  Engines",  Sir  Isaac 

Pitman  tc  Sons,  Ltd-,  1937. 

dk)  Py*»  D.R.:  "The  Internal  Combustion  Engine",  Oxford 

at  the  Clarendon  Press  1934»  PP«  239-244« 

(15)  Burkam,  J.:  "Selection  of  Governor  System  for  HUP 

Helicooter",  Piasecki  Helicopter  Corporation  Report 
R-36,  27  February  1953. 

(16)  Eisinger,  J.O.:  "Engine  Acceleration  Tests",  Trans.  SAE, 

Vol.  22,  Part  2,  192?. 

(17)  Clemens,  J.E.  etal:  "Automatic  Control  of  Aircraft 

Engines  with  Turbo  Supercharger,  AMC,  OAR  Technical 
Report  No.  2,  1 November  1950. 

(18)  Albachten,  H.:  "Study  of  Automatic  Control  Systems  for 

Helicopters,  Part  III:  Analytical  Study  of  RPM  Control 

for  the  Single  Spool  Turboprop  Engine",  M-H  A®ro  Technical 
Report  AD  5143-TR5#  23  April  1953. 

(19)  Gustafson,  H.:  "Report  on  an  Operational  Aid  Used  in  a 

Simulation  Study  of  Helicopter  Control  Systems",  M-H 
Aero  Technical  Report  AD  5143-TR6,  1 July  1953. 

(20)  "Technical  Exhibit  Proposal  for  the  Continuation  of  a 
Study  of  Helicopter  Control  System  Requirements", 

M-H  Aero  Document  R-ED4H»  20  May  1953. 

(21)  Ellis,  C.W.:  "Effects  of  Articulated  Rotor  Dynamics  on 

Helicopter  Automatic  Control  System  Requirements", 
Aeronautical  Engineering  Review,  p.  30,  July  1953. 

(22)  Macnee,  A.B.:  "Some  Limitations  on  the  Accuracy  of 

Electronic  Differential  Analyzers",  Proceedings  of  the 
IRE,  p.  303,  March  1952. 


M-H  Aero  Report  AD  5143-TR8  - 28  - 


RESTRICTED 


k 


RESTRICTED 


X.  APPBNDIX 
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Prior  to  19U0  - 
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4.  von  Karl  Balaban:  Zur  Stabllltatsfrage  dee  Hubs chraub ere. 
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5.  Crocco,  G.  Arturo:  Inherent  Stability  of  Helicopters. 

HACA  TM  231;.  1923. 

6.  dl  Flamlno  Plana-Canova:  Verso  la  stablllszatlone 
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pp.  261-262.  November  1921;. 
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9*  von  Lansdowne,  L. : Metal  Rotors  of  Autoglro  Hinged  for 

Stability.  Iron  Age,  New  York,  v.  128,  pp,  302-303. 

July  1931. 

10*  dl  Ugo  de  Carla:  La  Stablllta  degll  ellcotterl. 

L' Aeronautlca,  Milano,  v.  U5,  no.  7,  pp*  l;71-i;76.  July 
1931. 


* Most  of  the  early  documents  listed  are  chiefly  of  histori- 
cal Interest  only.  Material  which  was  concerned  principally 
with  blade  motion,  vibration,  flutter,  etc.,  has  been 
omitted.  It  Is  also  recognized  that  there  are  In  all 
likelihood  many  Interesting  and  pertinent  documents  that 
are  not  Included  In  this  Hating  because  they  were  not 
made  available  to  the  px*esent  research  project. 
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18.  Platt,  H.  H.:  Development  of  the  Helicopter.  Institute 

of  Aeronautics'!  Science,  Philadelphia  Meeting.  October 
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19.  Hohenemser,  K. : Dynamic  Stability  of  a Helicopter  with 

Hinged  Rotor  Blades,  Written:  December  1930.  A/.CA  TM  907. 

20.  Yoiing,  A.  M. ; A New  Parameter  of  Lifting  Rntors.  Institute 
of  Aeronautical  Science,  Philadelphia  Meeting.  November  1939* 

21.  Klemln,  A.,  Haugen,  V.  R.,  Sherwln,  S.  B, : Autoglro  Rotor 

Longitudinal  Stability.  Institute  of  Aeronautical  Science, 
Philadelphia  Meeting.  November  1939. 

22.  Bufton,  P.,  Woodrerd,  Plgg.  F.,  and  Beavan,  J. ? General 

Investigation  Into  the  Characteristics  of  the  C.30  Autoglro. 
British  A.  R.  C.  R and  M 1859.  March  1939. 

23»  Beavan,  J.  A.:  Note  on  the  Lateral  Stability  of  the  C.30 

Autoglro  Seaplane.  British  A.  R.  C.  R and  M 1970. 

3 April  1939. 
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Aircraft  Engineering,  p.  27I4.-283.  October  1936. 
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Aircraft  Engineering,  pp.  303-30O.  November  1936. 
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1.  Mlohl,  If.  L.:  Th«  Aerodynamics  of  the  Lifting  Airscrew 

with  Hinged  Blades  in  Curvilinear  Motion „ British  R.  T«  P. 
Translation  No«  1533.  1940 • 

2.  Hohenemser,  K..  Stability  in  Hovering  of  the  Helicopter 

with  Central  Rotor  Location.  Written:  May  1944»  A.  M.  C. 

Translation  No.  P-TS-687-RE. 

3.  Hohenemser,  K.:  Longitudinal  Stability  cf  the  Helicopter 

in  Forward  Plight.  Written:  July  1944 • A.  M.  C. 

Translation  No.  F-TS-688-RE. 

4«  Hohenemser,  K.t  The  Theory  for  the  Control  of  the  Blade 
Angle  of  the  Helicopter.  Written.  July  1944*  A.  M.  C. 
Translation  No.  F-TS-IOO4-RE. 

5.  Nikolsky,  A.  A.:  Helicopter  Design  Theory.  Princeton 

University  Press,  l944* 

6.  Donovan,  A.  P.,  Goland,  M.:  The  Response  of  Helicopters 

with  Artic-tilated  Rotors  to  Cyclic  Blade  Pitch  Control. 
Journal  of  Aeronautical  Sciences,  p.  387.  October  1944* 

7.  Slsslngh,  G.:  Contributions  to  the  Dynamic  Stability  of 

Rctar/-Wing  Aircraft  with  Articulated  Blades.  Pairt  I 
General  Principles.  Written:  September  1944*  A.  M.  C* 

Trans.^atlon  No.  F-TS-69O-RE. 

8.  Hohenemser,  K.:  Lateral  Stability  of  the  Helicopter  in 

Steady  Forward  Flight.  Written:  October  1944»  A.  M-  C. 

Translation  No,  F-TS-691-RE. 

9.  Hohenemser,  K.:  The  Pull-Up  of  the  Helicopter^  Written: 

December  1944*  A.  M.  C.  Translation  No.  P-TS-692-RE. 

10,  Kelley,  B.;  Helicopter  Stability  with  Young's  Lifting 

Rotor.  Written:  March  1945*  S.  A.  E.  Journal.  December 

1945. 

11.  Doreuid,  M. : Control,  in  Hovering,,  of  Large  Helicopters 

with  a Single  Rotor  or  with  Coaxial  Rotors,  Congres 
National  TXt  L' Aviation  Prancalse.-  1945. 

12^  Sissingh,  G.:  Contributions  to  the  Problem  of  the 

Dynamical  Stability  of  Rotary  Wing  Aircraft  with  Articulated 
Blades,  J.’art  IV.  Translation  by  Ministry  of  Aircraft 
Production,  Voelkenrode,  No,  CDC/114-T.  194^>* 
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13.  Si8slngh«  Oo £ The  Dynamic  Stability  of  Hellcoptere  with 
Articulated  Rotors.  Second  Partial  Report.  A.  M.  C. 
Translation  No.  P-TS-1002-HE.  I9I4.6- 

1^4 • Stewart,  W.:  General  Handling  Tests  of  the  Sikorsky  R'l^JB 

Helicopter  (Hoverfly  Mk  1).  British  A.  R.  C.  R and  M 
214.31.  October  I9I4.6. 

15»  Hohenemser,  K. : Theory  of  Helicopter  Control  In  Hovering 

Plight.  A.M.U.  TrariSlatlon  Ho.  F-TS-ICGC  HF.  I9I46. 

16.  Rlttl,  Bdward,  and  Landis:  Test  Data  and  Performance  Curves 

for  Pitching  and  Flapping  Characteristics  of  KH-IX  Synchropter 
Model.  Kellett  Autoglro  Corporation^  Report  1430. 3^^ 

February  1942. 

17*  Kemp,  B.  L. : Aerodynamic  Characteristics  of  the  l/lO  Scale 

Models  of  the  XR-4  and  YR-I4A  Helicopter  Fuselages.  Written: 

21  January  1943.  United  Aircraft  Corporation,  Report  Ho. 

W.  T.  T.  191. 

18.  Kesip,  B.  L. : Aerodynamic  Characteristics  of  the  l/l2  Scale 

Model  of  the  XH-6  Helicopter  Fuselage.  Written;  23  April 
1943.  United  Aircraft  Corporation,  Report  Ho.  W.  T.  T.  197. 

19.  Strom,  0.  H. ; Wind  Tunnel  Tests  of  Kellett  XR.Puselage. 
Kellett  Report  Ho.  14?0.  i‘.  May  1944. 

20.  Slsslngh,  0.*,  St;.h  ''•Ity  of  Lifting  Rotors.  Written: 

October  1944-  A.  M.  • . Translation  Ho.  19599. 

21.  Wlesnc^  W . : An  Analysis  cf  the  Controls  and  Maneuvera- 

bility of  t..**  XR-6  Helicopter.  Kellett  Report  Ho.  1430.11. 
January  1945. 

22.  Wlesner,  W. : Calculated  Directional  Stability  Character- 

istics of  the  XR-10  Helicopter.  Kellett  Report  No.  1430.9. 

12  January  1945* 

23.  Slsslngh,  0.:  Contributions  to  the  Problem  of  D3rnamlcal 

Stability  of  Rotary  Wing  Aircraft  with  Articulated  Blades 
(Part  III).  M.  A.  P.  Volkenrode  Reports  and  Translation 
Ho.  90.  15  June  1946. 

24.  Oall,  A:  Investigation  of  the  Control  Delay  of  the  IHJD-1 

Helicopter  In  Hovering  Plight.  McDonnell  Aircraft  Corpora- 
tion, Report  Ho.  HI-II7-6-  2 October  1946.  Restricted. 
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1.  Bennett,  J.  A.  J.:  Limitations  In  Helicopter  Design. 

Proceedings  of  Third  Annual  Porum,  American  Helicopter 
Society,  Philadelphia,  Pa.  March  1947. 

2.  Bruel,  A.:  Practical  Stability  and  Controllability  of 

Rotary-Wlrig  Aircraft  While  Hovering.  Third  National 
Congress  of  French  Aviation,  Cornell  Translation. 

April  1947. 

3.  Dlngeldeln,  R.  C.,  and  Schaefer,  R.  P. : Full-Scale 

Investigation  of  the  Aerodynamic  Characteristics  of  a 
Typical  Single-Rotor  Helicopter  In  Forward  Plight. 

Written:  February  1947.  NACA  TN  1289. 

4*  Hashman,  J. : How  to  Ply  the  Bell  Model  47-B.  American 

Helicopter,  p.  12.  May  1947. 

5.  Selbel,  C.  M.:  Stability  and  Control  Characteristics  of 

a Simplified  Helicopter.  S.A.E.  National  Personal  Air- 
craft Meeting.  May  1947. 

6.  Bennett,  J.  A.  J. : Limitations  In  Helicopter  Design. 

American  Helicopter,  p.  10.  June  1947. 

7.  Young,  A.  M. : The  Helicopter  and  Stability.  Inter  Avia. 

June  and  July  1947. 

8.  Langewlesche,  Wolfgang:  Notes  from  Hellcoptar  School, 

Parts  I-IV,  Air  Facts  Magazine.  June -Sept enber  1947 > 

9.  Hafner,  R. : Rotor  Systems  and  Control  Problems  In  the 

Helicopter.  Anglo-American  Aeronautical  Conference, 

London.  September  1947. 

10.  Juot,  W. : Calculating  the  Longitudinal  Stability  and  Con- 

trol of  Helicopters.  Inter  Avia,  p.  31.  December  1947. 

11.  McDonald,  Meyers,  Sloan,  and  others:  Control  and  Trim 

Problems  of  the  XH-16  Helicopter.  Plaseckl  Helicopter 
Corporation,  Report  No.  15-A-03A.  1 October  1947. 

Restricted. 

12.  Prieto,  A.  0.;  Static  Stability  of  a Rigid  Rotor  Synchropter: 

Part  I:  Longitudinal  Stability  xn  Level  Pll^t;  Part  II: 

Rolling  Stability  In  Hovering  In  a Lateral  Oust.  Kellett 
Aircraft  Corporation,  Report  1430.20.  February  1947. 
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13.  Stewart,  W. : Interim  Note  on  the  I>7naalc  Longitudinal 

Stability  of  a Slngle»Rotor  Helicopter.  R.A.B.  Technical 
Note  No.  Aero  1«85.  April  19k7' 

11;..  Pail  and  Squire:  2i|.  Foot  Wind  Tunnel  Testa  on  Model  Multi 

Rotor  Helicopter,  Part  II  - Tandem  Twln~Rotor  Helicopter. 
British  R.  A.  B.  Report  No.  Aero.  22C?.  June  19i|?* 
Confidential 
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1*  Mlller>  !i.  H. : H«licopt«r  Control  and  Stability  in  Hover- 
ing Flight.  Written:  19  January  1914.8.  Journ.  Aero.  , 

p.  U53*  August  19U.3. 

2.  Montgo*^eryj  Oile»  N. : Unique  Rotov  Affords  New  Safety. 

Aviation  Week,  p.  26.  26  January  19U3. 

3.  Stewart,  W. : Plight  Testing  of  Helicopters.  Written; 

29  January  19U3*  Journ.  Royal  Aero.  Sod,  p.  261.  May 
19U8. 

1;.  Crane,  L.:  Importance  of  Dynamic  Stability.  American 

Helicopter  Magazine,  p.  1?.  February  19li8* 

5*  Ouatafaon,  P.  B. , and  Reeder.  J.  P.:  Helicopter  Stability. 

RACA  RM  L7K0U.  12  April  191^8. 

6.  Meyers,  0.  C.:  Gyroscopic  Forces  on  Hinged  Rotors.  Fourth 

Annual  Forum.  Aiserican  Helicopter  Society,  Proceedings  of. 

22  April  19ii.8. 

7*  Hohenesiser,  K. : Contribution  to  the  Problem  of  Helicopter 

Stability.  Fourth  Annual  Forum  of  American  Helicopter 
Society*  Proceedings  of.  22  April  19U8* 

6.  Reeder,  J.  P.,  and  Gustafson,  F.  B. : Notes  on  the  Plying 

Qualities  of  Helicopters.  Fourth  Annual  Forum,  American 
Helicopter  Society,  Proceedings  of.  22  Apx*il  1948* 

9.  Dorand,  R.:  Helicopters  Stabilizing  Device.  Fourth  Annual 

Forum,  American  Helicopter  Society,  Proceedings  of. 

23  April  1948. 

10.  Nikolsky,  A.  A.,  and  Seekel,  Edward:  An  Analysis  of  the 

Transition  of  a Helicopter  from  Hovering  to  Steady  Auto- 
rotative  Vertical  Descent.  Written:  May  1948.  NACA  TN 

1907. 

11.  Geasow,  Alfred:  Standard  Symbols  for  Helicopters.  NACA 

TN  1604.  June  1948. 

12.  Gessow,  Alfred:  Bibliography  of  NACA  Peters  on  Rotating- 

Wing  Aircraft.  NACA  RM  L7J.30.  July  1948. 

13*  Sisaing^,  G. : Investigations  on  Automatic  Stabilization 

of  the  Helicopter.  Part  I (Hovering  Flight).  British  R.A.B. 
Report  Aero  2277.  Jdy  1948. 
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114.*  Burkam,  J.  E. : Stability  Bxperlmer.ta  with  Models.  American 

Helicopter,  p.  6.  July  19U3« 

l5*  Erickson,  F.:  U.S.  Coast  Guard  Helicopter  Stabilizer. 

American  Helicopter  Magazine,  p.  11;.  August  19l|-6. 

16.  Stuart  III,  J.:  The  Helicopter  Control  Rotor.  Rotating 

Wing  Aircraft  Session,  l6th  Annual  Meeting,  I.A.S.,  New 
York,  January  26-29,  1914-8.  I.A.S.  Fairchild  Preprint 
Number  110. 

17*  Miller,  R.  H. : Some  Aspects  of  the  Helicopter  Stability 

and  Control  Problem.  Proceedings  VII  Congress  of  Applied 
Mechanics,  p.  569.  September  19^6. 

16.  Slsslngh,  0.  J. : Automatic  Stabilization  of  Helicopters. 

Journ,  Hel.  Assoc,  of  0. B. , v.  2,  no.  3»  23  October  1948. 

19.  Reeder,  J.  P. , and  Gustafson,  F.  B. : On  the  Flying  Quali- 
ties of  Helicopters.  Written:  10  November  1948«  NACA 

TN  1799. 

20.  O' Dee,  John:  A Proposed  Method  of  Determining  the  Frequency 

Response  of  a Helicopter  by  Analysis  of  Recorded  Transients. 
Cornell  Aero  Lab  Flight  Research  Department  Report  No. 
TO-587-F-I.  24  November  1948. 

21.  Zbrozek,  J.:  An  Investigation  of  the  Lateral  and  Directional 

Behaviour  of  a Single  Rotor  Helicopter  (Hoverfly  Mk.  I). 
British  R.A.E.  Report  No.  Aero  2268.  June  1948. 

22.  Glass,  J.  S.,  and  O'Hara,  F. ; Helicopter  Blind  Flying, 

Interim  Note  on  Tests  on  Hoverfly  I.  A.  F.  B.  B.  Report 
No.  Rota  4*  20  August  1948.  Confidential. 

23.  Stewart,  W, , and  Slsslngh,  G.  J.:  Dynamic  Longitudinal 

Stability  Measurements  on  a Single-Rotor  Helicopter 
(Hoverfly  Mk.  1).  British  R.A.B.  Report  No.  Aero  2244« 
February  1948,  Restricted. 

24.  Zbrozek,  J.  K. : Introduction  to  Dynamic  Longitudinal 

Stability  of  Single-Rotor  Helicopter  with  Hinged  Blades. 
British  R.A.B. , Report  Aero  2248.  February  19ij8.  Restricted. 

25.  Stewart  and  Brotherhood:  Blind  Flying  Trials  on  the  Hover- 

fly  I Helicopter.  British  R.A.B  Report  No.  Aero  2283. 

August  1948.  Restricted. 

26.  Drees,  Ir.  J.  Meljer:  A Theory  of  Airflow  Through  Rotors  and 

Its  Application  to  Some  Helicopter  Problems.  Journal  cf  the 
Helicopter  Association  of  Great  Britain,  pp.  79-104.  1948. 

27.  Slaalngh,  G.  J.:  Survey  on  German  Research  and  Development 

of  Rotary  Wing  Aircraft.  Araed  Services  Technical  Iziformatlon 
Agency,  Reports  and  Translations  No. : 1022.  15  Axigust  1948. 


M-H  Aero  Report  AD  5143-TR8  - 37  - 

RESTRICTED 


RESTRICTED 


- I9k2  - 


1.  Miller,  R.  H. : A Method  for  Improving  the  Inherent  Stability 

and  Control  Charaeterlatlca  of  Flellcoptera.  Written: 

January  19^9*  Journal  of  Aero.  Sclencea.  June  1950. 

2.  Oustafson,  Amer,  Haig,  and  Reeder:  Longitudinal  Plying 

Qualities  of  Several  Slngle>Rotor  Helicopters  In  Forward 
Plight.  NACA  TN  1983.  November  19U9. 

3.  Oeaeow  and  Amer;  An  Introduction  to  the  Physical  Aspects 
of  Helicopter  Stability.  NACA  TN  1902.  Also  TR  993. 

November  19i;9. 

I4..  Slaymaker,  S.  B.,  Lynn,  R.  R.,  and  Gray,  R.  B. : Bxperl* 

mental  Investigation  of  Transition  of  a Model  Helicopter 
Rotor  from  Hovering  to  Vertical  Autorotation.  Written: 
December  19U9.  NACA  TN  2646. 

5.  Sullivan,  R. : Horizontal  Stabilizer  for  H>5  Aircraft  with 

Litters.  Sikorsky  Report  SER>1933*  2$  August  1949. 

6.  Reeder,  J.  P. , and  Haig,  C.  R. : Some  Tests  of  the  Longl* 

tudlnal  Stability  and  Control  of  an  H>13B  Helicopter  In 
Forward  Plight.  NACA  RM  L9B25a.  1 August  1949. 

7.  Beebe,  J. , and  Bradshaw,  H.  R. : Wind  Tunnel  Tests  of  a 

0.10  Scale  HRP-2  Helicopter  Without  Rotors,  Part  I.  David 
Taylor  Model  Basin  Report  C>246.  August  1949. 

8.  Beebe,  J. , and  Bradshaw,  H.  R. : Wind  Tunnel  Tests  of  a 

0.10  Scale  HRP>2  Helicopter  Without  Rotors,  Part  11.  David 
Taylor  Model  Basin  Report  C>246.  October  1949. 

9.  Harrlman,  T.  J. : Miscellaneous  Flight  Characteristics  of 
the  Model  47  Helicopter.  Fifth  Azmual  Forum,  A.  H.  S. 

12  May  1949. 

10.  Mazur,  J.  W. : Plight  Testing  of  Helicopters  by  the  U.  S. 

Ngvy.  Fifth  Annual  Forum,  A.  H.  S.  12  May  1949. 

11.  Cobey,  W.  E. : Report  on  the  Stability  of  the  Helicopter  as 

Compared  with  the  Autoglro.  Prewitt  Aircraft  Company, 

Report  No.  27-90-3.  20  April  1949. 

12.  Johnson,  W.  C.  .*  Theoretical  Stability  and  Control  Study  for 
R«5  Helicopters.  Goodyear  Aircraft  Report  No.  GER>2005. 

1 February  1949. 

13.  Zbrozek,  J.  K. : The  Simple  Harmonic  Motion  of  a Helicopter 

Rotor  with  Hinged  Blades.  British  R.  A.  B.  Report  No. 

Aero  2319.  April  1949. 
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111.  Yourut.  R.  A.:  Helicopter  En;;ineerinR.  The  Ronald  PreeSg 

New  York,  19li9. 

l5«  Zbrozek,  J.  K. ; Stability  and  Control  of  Single  Rotor  Heli- 
copter with  Hinged  Blades.  Aircraft  Engineering,  p.  32. 
February,  19U.9. 

16.  Beebe,  John,  and  Kuldell,  P.  D. : Wind  Tunnol  Te£.te  of  a 

0.10  Scale  Model  of  the  HRP-2  Helicopter  Without  Rotors  • 

Fart  II  - Longitudinal  and  Lateral  Characteristics  with 
Revised  Afterbody.  David  W.  Taylor  Model  Basin  Report. 
October  19U9.  Restricted. 

17.  Brotherhood,  P.,  and  Burle,  M.  P.:  Plight  Measurements  of 

Longitudinal  and  Lateral  Trim  of  the  S-51  Helicopter. 

British  R.A.K.  T.N.  No.  Aero  2020.  September  1914.9. 
Restricted. 

18.  Stewart,  W. : Notes  on  Helicopter  Approach  in  Blind  Plying 

Qualities.  British  R.A.E.  TN  No.  Aero  2030.  November 
19li9.  Restricted. 

19.  Beebe,  J.,  and  Bradshaw,  H.  R.:  Wind  Tunnel  Tests  of  • 

l/7  Scale  Model  of  the  XHJP-1  Helicopter  Fuselage.  David 
Taylor  Model  Basin  Report  C-2I4.5,  Aero  773*  July  19U9. 
Restricted. 

20.  Beebe,  J.,  and  Henkels,  W.  J. : Wind  Tunnel  Tests  of  a l/lO 

Seale  Model  of  the  HRP-1  Helicopter  Without  Rotors.  David 
Taylor  Model  Basin  Report  C-282,  Aero  782.  November  1914-9. 
Restricted. 

21.  Ouarino,  L.  S, : Report  on  Plan  for  Helicopter  Automatic 

Pilot.  Naval  Air  Material  Center,  Report  Number  NAES-IN3TR 
l4.0-i}.9.  6 June  I9I4.9*  Restricted. 

22.  Cobey,  William  E. : Stability  Concepts.  Prewitt  Aircraft 

Company,  Report  Number  26-98-1.  II4.  January  1949.  Restricted. 

23*  Nickerson,  Congdon,  Matur,  and  others:  Limited  Tests  Proje  - 

TED  No.  PTR  AC-403  Conducted  on  Model  ^03S-1  Helicopter. 

Naval  Air  Test  Center,  Plight  Test  Division  PT36-125. 

28  October  1949. 
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1»  Brltland,  M.,  and  Pall,  R.  A.:  Preliminary  MaaauraiBBnta 

of  the  Aarocynamlc  Damping  In  Pitch  of  a 12  foot  diameter 
Hslicopter  Rotor.  British  A.R.C.  Current  Paper. Ho.  22, 

TN  Aero  204.9<  May  1950. 

2.  Amer,  K.  B. : Theory  of  Helicopter  Damping  In  Pitch  or  Roll 

and  a Comparison  of  Plight  Measurements.  Written:  1$  May 

1950.  HACA  TN  2136. 

3.  Carpenter,  P.  J. , and  Paulnock,  R.  S.:  Hovering  and  Low- 

Speed  Performance  and  Control  Characteristics  of  an  Aero- 
dynamic Servooon trolled  Hellccpter  Rotor  System  as 
Determined  on  the  Langley  Helicopter  Tower.  HACA  TN  2086. 

May  1950. 

i^..  Cannon  and  Hlehaus:  Practical  Instrument  Plying  In  the 

Helicopter.  Aeronautical  Engineering  Review,  p.  22. 

June  1950. 

5*  Smith,  C.  C.:  Static  Directional  Stability  of  a Tanden- 

Hellcopter  Fuselage.  HACA  RM  L50P29.  9 August  1950. 

6.  Oessow  and  Amer:  An  Explanation  of  Some  lBg>ortant  Stability 

Parameters  that  Influence  Helicopter  Plying  Qualities. 
Aeronautical  Engineering  Review,  p.  28.  August  1950. 

7*  Bureau  of  Aeronautics:  Bureau  of  Aeronautics  Specifica- 

tion for  the  Aerodynamic,  Structural,  and  Power-Plant 
Requirements  for  Helicopters.  Bureau  of  Aeronautics, 

HA7AER  SR-169*  1 August  1950.  Restricted. 

8.  Hohenemser,  K. : A Type  of  Lifting  Rotor  with  Inherent 

Stability.  Journal  of  Aero.  Scl.  September  1950. 

9.  Pay,  Capt.  J.  S.:  Some  Present  and  Put\ire  Aspects  of 

Helicopter  Piloting.  Written:  25  November  1950.  American 

Helicopter.  June  and  July  1951 • 

10.  Bennett,  J.  A.  J.,  and  Llptrot,  Capt.  R.  N.:  A Bibliography 

of  Rotating  Wing  Aircraft.  Journal  of  the  Hel.  Assoc,  of 

0.  B. , V.  4,  no.  3»  1950,  pp.  118-133* 

11.  O'Hara,  P.:  Plight  Testing  of  Helicopters.  Journal  of 

Hel.  Assoc,  of  0.  B.  Presented:  25  March  1950. 

12.  Dlasiond,  Biro,  and  Camese:  Pllj^t  Test  and  Devalooment 

Program,  XHJP-1  Helicopter,  Weekly  Summary  Report  IB-T-0I4.. 
Plasecki  Helicopter  Corporation,  ll^  April  1950.  Confidential. 
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Diamond^  Biro,  and  Carneae;  Plight  Teat  and  Development 
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